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Observations of the Mindanao Current During the Western Equatorial 
Pacific Ocean Circulation Study 
ROGER LUKAS, 1 ERIC FIRING, 1 PETER HACKER, 2 PHILIP L. RICHARDSON, 3 CURTIS A. COLLINS, 4 
RANA FINE, 5 AND RICHARD GAMMON 6 
The Western Equatorial Pacific Ocean Circulation Study (WEPOCS) III expedition was conducted 
from June 18 through July 31, 1988, in the far western equatorial Pacific Ocean to observe the 
low-latitude western boundary circulation there, with emphasis on the Mindanao Current. This survey 
provides the first quasi-synoptic set of current measurements which resolve all of the important 
upper-ocean currents in the western tropical Pacific. Observations were made of the temperature, 
salinity, dissolved oxygen, and current profiles with depth; of water mass properties including 
transient tracers; and of evolving surface flows with a dense array of Lagrangian drifters. This paper 
provides a summary of the measurements and a preliminary description of the results. The Mindanao 
Current was found to be a narrow, southward-flowing current along the eastward side of the southern 
Philippine Islands, extending from 14øN to the south end of Mindanao near 6øN, where it then 
separates from the coast and penetrates into the Celebes Sea. The current strengthens to the south and 
is narrowest at 10øN. Direct current measurements reveal transports in the upper 300 m increasing 
from 13 Sv to 33 Sv (1 Sverdrup = 1 x 106 m 3 s -1) between 10øN and 5.5øN. A portion of the 
Mindanao Current appears to recurve cyclonically in the Celebes Sea to feed the North Equatorial 
Countercurrent, merging with waters from the South Equatorial Current and the New Guinea Coastal 
Undercurrent. Another portion of the Mindanao Current appears to flow directly into the NECC 
without entering the Celebes Sea. The turning of the currents into the NECC is associated with the 
Mindanao and Halmahera eddies. 
1. INTRODUCTION 
The western equatorial Pacific Ocean circulation and its 
variability is important to understand because it has poten- 
tially large impacts on the Earth's climate. In particular, the 
role of the interaction of the strong low-latitude western 
boundary currents with the equatorial circulation in the 
development of the E1 Nifio/Southern Oscillation (ENSO) 
phenomenon is unknown, but there are hypotheses which 
suggest that these interactions are important [e.g., White et 
al., 1985; Wyrtki, 1987]. Also, these boundary currents 
supply waters of the Pacific Ocean to the flow through the 
Indonesian Archipelago, which has been shown to play a 
large role in the basin-scale general circulation and heat and 
mass balances [Godfrey and Golding, 1981; Piola and Gor- 
don, 1984; Gordon, 1986; Godfrey, 1989]. 
The data available until recently have been relatively 
sparse and ill suited for resolving the circulation and its 
variability; the historical hydrographic data do not provide 
good spatial coverage of these boundary currents and the 
equatorial circulation, both because of relatively large sta- 
tion spacing and because of coarse sampling in the vertical 
(see Toole et al. [1988] for a summary of these historical 
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data). The historical current measurements consist of short- 
duration time series by Russian investigators and of low- 
resolution relative profiles obtained by Japanese investiga- 
tors using current meters lowered from shipboard 
[Montgomery, 1962; Guan, 1986]. 
Some problems existed with the historical data sets that 
had been used to study the Mindanao Current prior to 1986. 
There had been no quasi-synoptic mapping of the currents 
along with the sampling of the water masses. The separation 
of the current from the coast had not been observed. The 
source water properties for the Indonesian throughflow were 
not well known, especially their transient tracer properties. 
The fate of the South Equatorial Current/New Guinea 
Coastal Undercurrent waters had not been determined. 
In 1985, U.S. and Australian investigators began a series 
of cruises to explore the hydrography and currents of the 
western equatorial Pacific Ocean. The first two sets of 
cruises in this Western Equatorial Pacific Ocean Circulation 
Study (WEPOCS) took place in July-August 1985 (WEP- 
OCS I) and January-February 1986 (WEPOCS II; Lindstrom 
et al. [1987]). These cruises were designed to determine the 
source waters of the Equatorial Undercurrent and to study 
the ocean response to the monsoon in the region from 143øE 
to 155øE (Figure 1). 
One of the major findings was the discovery of a shallow 
western boundary undercurrent (the New Guinea Coastal 
Undercurrent) which transports about 8 Sv (Sverdrup; 1 
Sv = 1 x 10 6 m 3 s -•) from the Solomon Sea through the 
Vitiaz Strait and into the Bismarck Sea [Tsuchiya et al., 
1989]. A portion of this current appears to peel off within the 
WEPOCS region into the eastward-flowing Equatorial Un- 
dercurrent (EUC), but at 143øE the major fraction was still 
flowing northwestward along the New Guinea coast. 
In the third U.S. WEPOCS cruise, the focus of attention 
shifted farther west, to the region from 124øE to 143øE, and 
north to the Mindanao Current and the North Equatorial 
Countercurrent (NECC). The overall objective of the WEP- 
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Fig. 1. Map of the western tropical Pacific showing the cruise track for R/V Moana Wave during the WEPOCS III 
Expedition. Hydrographic station locations are indicated by solid circles. 
OCS III expedition was to observe the low-latitude western 
boundary currents of the Pacific Ocean, their interaction 
with the equatorial circulation, and to determine the water 
mass properties of these flows. 
Specific objectives were (1) to resample the New Guinea 
Coastal Undercurrent/Equatorial Undercurrent system and 
to try to observe the recurving of waters from the New 
Guinea Coastal Undercurrent into the Equatorial Undercur- 
rent, west of 143øE; (2) to box in the region with hydro- 
graphic stations in order to estimate the mass balance; (3) to 
directly measure the Mindanao Current, its connection to 
the Indonesian throughflow and North Equatorial Counter- 
current (NECC), and its recirculation in the Mindanao Eddy; 
(4) to sample the water chemistry of the Celebes Sea to 
better determine the characteristics of the waters which are 
participating in the Indonesian throughflow; and (5) to map 
the Mindanao coastal circulation in the Celebes Sea in order 
to investigate whether or not part of the Mindanao Current 
stays trapped to the coast as it enters the Celebes Sea. 
Because clearance was not received to work within the 
Indonesian Exclusive Economic Zone, we were unable to 
completely pursue the first objective, and a thorough study 
of the origins of the NECC was not possible. 
In this paper we show the changing structure of velocity 
and water properties of the Mindanao Current as it flows 
south along the coast of the Philippines. The separation of 
the current from the coast, the fate of its waters, and 
observations of the Mindanao and Halmahera eddies are 
discussed. The temporal variability within the cruise and the 
representativeness of the observations is examined. Cur- 
rents observed along 141.5øE during WEPOCS III (and the 
characteristics of the acoustic Doppler current profiler 
(ADCP) data) have been discussed by Firing and Jiang 
[1989], and near-surface water properties and air-sea inter- 
action during WEPOCS III by Lukas [1989]. Preliminary 
results of the direct velocity measurements from WEPOCS 
III appeared in the works by Hacker et al. [1989] and 
Carpenter [ 1989]. 
2. BACKGROUND 
2.1. The Mindanao Current 
Schott [1939] first investigated the surface currents in the 
region just north of New Guinea using ship drift observa- 
tions. He found evidence of the westward-flowing South 
Equatorial Current (SEC) reversing during the Northwest 
Monsoon, which blows from November through February. 
Another important finding was the recognition that the North 
Equatorial Current (NEC) splits as it encounters the Philip- 
pines, separating into a northwestward-flowing current (the 
Kuroshio) and the south-flowing Mindanao Current (MC). 
Schott also recognized that surface waters of the western 
equatorial Pacific were flowing into the Indonesian Archipel- 
ago from the MC. 
According to Wyrtki [ 1961, p. 133], "The inflow of water 
from the Pacific Ocean into the Eastern Archipelago be- 
tween Mindanao and New Guinea is one of the most 
interesting problems of the oceanography of these waters, 
but a detailed investigation of these processes is still pend- 
ing, because a complete knowledge of the structure and 
dynamics of the Mindanao eddy is the necessary condition." 
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Takahashi [1959, p. 142] noted the existence of "a cold 
region of distorted elliptic form" east of Mindanao in obser- 
vations made by Japanese researchers in the early 1950s and 
related this feature to the circulation inferred from dynamic 
topography. Wyrtki [1961] noted the existence of this quasi- 
permanent Mindanao eddy associated with the turning of 
NEC waters at the coast of the Philippines, and their 
subsequent flow to the east in the North Equatorial Coun- 
tercurrent. Wyrtki also discusses the seasonal variation of 
the eddy in relation to the fluctuations of the currents 
surrounding it. 
The dominant feature on the map of the dynamic height of 
the sea surface relative to 1000 dbar constructed by Ma- 
suzawa [1968] is the depression of the sea surface near 7øN, 
130øE, which is the sea surface signature of the Mindanao 
eddy. The Mindanao Current flows between the center of 
this eddy and the coast of Mindanao Island, with speeds of 1 
m s -• or more, extending offshore about 100 km according 
to Masuzawa [1969]. Wyrtki [1961] shows that the current 
extends to a depth of about 600 m, relative to 1250 m. On the 
basis of isopycnal slopes near 600 m, Masuzawa [1969] 
suggests that the current may extend deeper. 
A substantial fraction of the water flowing southward in 
the MC appears to follow the coast of Mindanao into the 
Celebes Sea, but much of it appears to return to the Pacific 
to the north of Halmahera, where it becomes the NECC. 
How much of this water is "lost" to the throughflow is 
unknown. How much this water is modified within the 
Celebes Sea as it mixes with other waters is also unknown, 
but it seems that the low salinity tongue on the 300 cL t -• 
potential density surface shown by Masuzawa [1969] may be 
partly due to entrainment of low-salinity waters as the MC 
flows through the Celebes Sea and back into the Pacific. 
2.2. The New Guinea Coastal Currents 
The confluence of waters of northern and southern hemi- 
sphe:e origin which occurs in the far western equatorial 
Pacific between the islands of Mindanao and Halmahera was 
investigated by Wyrtki [1956]. Here upper thermocline wa- 
ters in the Mindanao Current and the SEC meet and are 
deflected eastward, though some waters of southern origin 
appear to make their way into the Indonesian seas, primarily 
south of Halmahera Island, but occasionally north of Hal- 
mahera as well. The eastward turning of the current along 
the New Guinea coast appears to be associated with the 
existence of an anticyclonic eddy. 
Russian data from R/V Vitiaz were analyzed by Cannon 
[1966], and his analysis on the 300 cL t -1 surface (in the 
center of the thermocline) shows the high-salinity, low- 
oxygen water mass along the northern coast of New Guinea 
which we now know to be a manifestation of the circulation 
associated with the New Guinea Coastal Undercurrent 
(NGCUC; Tsuchiya et al. [1989]). These waters can be 
distinguished from the high-salinity Tropical Waters (called 
Subtropical Lower Waters by Wyrtki [1956]) of northern 
hemisphere origin on the basis of their oxygen content, but 
only near this isopycnal surface. Moiseyev [1970] discusses 
the layers and lens found in R/V Vitiaz temperature data 
from this area. The geographic distribution suggests that 
these are related to mixing near the confluence of southern 
and northern waters in the far western equatorial Pacific. 
The Japanese have made most of the direct current 
measurements near the New Guinea coast. The vertical 
section of currents along 133.5øE and 137øE during January- 
February presented by Masuzawa [1968] in his Figure 2 
illustrates the existence of the shallow eastward and south- 
eastward Northwest Monsoon Current, overlying the strong 
northwestward flow of what appears to be the NGCUC, 
though Masuzawa considers this flow part of the SEC. The 
NGCUC is found between 100 and 400 m in the 137øE 
section, with a maximum speed of 92 cm s -• toward the 
WNW at 200 m depth. In the 133.5øE section, the flow is only 
20 cm s-• to the NW, and it is found between 200 and 300 m 
on the equator. The eastward flow of the NECC appears to 
extend south only to 2øN in these sections. This is consistent 
with the analysis of the NECC boundaries by Tsuchiya 
[1961]. 
The various WEPOCS observations clearly show the 
NGCUC at 143øE, with about 10 Sv continuing towards the 
west. This is just about equal to the eastward transport in the 
EUC at this longitude so it is tempting to suggest that all of 
the water of the NGCUC returns to the east, but water mass 
properties indicate that about one-third of the water in the 
EUC at this longitude derives from northern hemisphere 
sources. Thus it appears that about 3 Sv from the NGCUC 
does not return in the EUC [Tsuchiya et al., 1989]. The fate 
of this water is not yet known. 
3. WEPOCS III OBSERVATIONS 
The WEPOCS III Expedition took place from June 18 to 
July 31, 1988. Leg 1 began in Guam and ended in Palau on 
July 2. Leg 2 departed Palau on July 5 and ended in Manila. 
The cruise track is shown in Figure 1. 
3.1. Drifter Launches 
Thirty-five surface drifters were deployed during WEP- 
OCS III [Wooding et al., 1990]; they had small surface floats, 
drogues centered at 15 m, and drogue sensors. The drag area 
ratio of the drogues to tether plus surface float was around 
50/1. All buoys measured sea surface temperature at a depth 
of a few centimeters below the surface. Buoy positions were 
calculated by Service Argos in France from the Doppler shift 
of the transmitted signal as it was received by polar-orbiting 
satellites. Each buoy transmitted continuously for its first 90 
days at sea which resulted in approximately six fixes per 
day. After that the buoys transmitted every other day to 
reduce tracking costs. Data processing was performed at 
Woods Hole as described by Richardson and Wooding 
[19851. 
3.2. ADCP Observations 
Throughout the cruise an RD Instruments 150-kHz acous- 
tic Doppler current profiler measured velocity structure from 
20 m to a typical maximum depth of 350 m. Profiles mea- 
sured nearly once per second were vector averaged over 
5-min intervals in geographical coordinates. Dual-channel 
Transit and Global Position System (GPS) position fixes 
were recorded from a Magnavox 1157 integrated satellite 
navigation system. A rubidium clock was used to extend 
GPS coverage to 12 h/d. 
Problems discussed by Chereskin et al. [1989] were mini- 
mized by overriding default operating parameters, so that 
the profiles are expected to be accurate to better than 5 cm 
s -• as relative profiles. Because of the strong currents in the 
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Fig. 2. Trajectories of the WEPOCS III drifters, July-September 1988. Arrowheads show direction of movement and 
are located at 10-day intervals along the trajectories. 
WEPOCS III region, these relative profile errors are of little 
importance. Using the methods of Pollard and Read [1989], 
angular calibration is estimated to be good to 0.2 ø, or 1-2 cm 
s -1 in the cross-track velocity component. This level of 
accuracy is confirmed by transport calculations from 7øN to 
12øN along the Mindanao coast; net transport (30-250 m) in 
or out of each box (bounded to the west by Mindanao) is of 
the order of 1 Sv. We are less certain about the calibration 
accuracy for the Tobi-Mindanao section, during which there 
were no conductivity-temperature-depth (CTD) stations and 
hence no ADCP calibration points. 
Navigational accuracy and resolution is a problem in the 
regions of largest horizontal current shear along the Mind- 
anao coast. Inadequate resolution of the velocity peak and 
its decrease toward shore cause depth-independent errors of 
at least 20 cm s-1 and possibly as large as 40 cm s -1 over 
space scales of about 10-20 km. These errors tend to cancel 
in transport calculations over larger scales but may cause 
major distortions in contours right near the coast. 
3.3. Hydrographic Data 
A total of 117 CTDO2 casts were made during the expe- 
dition. Winch problems during leg I (stations 1-23) pre- 
vented casts deeper than 1500 m; deep casts were made 
during leg 2 (stations 24-117), however. A Neil Brown 
Mk. IIIb CTD was used, and the processing of the data is as 
described by Tsuchiya and Lukas [1987]. Twenty-four 10-L 
Niskin bottles were used to obtain water samples for salin- 
ity, dissolved oxygen, and inorganic nutrients on most casts, 
though a few stations had only six samples for conductivity 
and oxygen calibration. Typically, 20 samples were taken in 
the upper 1000 m, with four deeper samples for conductivity 
and oxygen sensor calibrations. 
Water samples were routinely analyzed for salinity, dis- 
solved oxygen, phosphate, nitrate, nitrite, and silicate. 
Techniques for these analyses are also described by Tsuch- 
iya and Lukas [1987]. Chlorofluorocarbon (CFC) measure- 
ments were made at 76 stations with purge and trap tech- 
niques similar to those described by Wisegarver and Cline 
[1985] and Gammon et al. [1982]. Contamination levels were 
relatively high, especially during leg 1, and the estimated 
precision for these measurements is 5% (or 0.02 pmol kg -1 
for F11 and 0.03 pmol kg -1 for F12). For leg 2 the estimated 
precision of Fll is 1%, or 0.02 pmol L -1 , and for F12, 2.5%, 
or 0.02 pmol kg -1 . At 30 of the hydrographic stations, a total 
of 408 tritium samples were drawn and 223 were later 
analyzed at the University of Miami Tritium Laboratory. 
Most of the bottles from which tritium were drawn were also 
sampled for CFC concentrations. 
Specific volume anomaly was calculated from the CTD 
profiles interpolated to a 4 dbar by 0.125 ø longitude grid, in 
order to resolve the closely spaced stations near the coast. 
Values at grid points which did not have data were computed 
using Laplacian-spline interpolation. A small amount of 
Laplacian smoothing was also applied to the grid. 
A reference level of 1000 dbar was used for the conversion 
of dynamic depth to dynamic height; calculations show 
velocities of 0-15 cm s -1 at 1000 dbar relative to 2000 dbar, 
but the correct level of no motion is not known. For the 
station nearest the coast, the cast depth was typically 
500-700 m, and an assumption had to be made to reference 
the dynamic height to 1000 dbar. We linearly extrapolated 
the dynamic height at the bottom of the shallow cast from the 
nearby seaward locations [Reid and Mantyla, 1976]. This is 
equivalent to assuming that the geostrophic current near the 
bottom at the shallow station is the same as just offshore, 
i.e., no horizontal shear at this depth. Geostrophic current 
normal to the section was computed using a centered, 
second-order finite difference which slightly smooths the 
pressure gradients. This is appropriate because of the inter- 
station noise of internal waves. The current at the station 




During the first 3 months after launch (July-September), 
the drifters provide for the first time a quasi-synoptic La- 
grangian picture of the surface flow in the region (Figure 2). 
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Fig. 3. Drifter velocity vectors averaged by 1 ø squares, July-September 1988. ADCP current observations are 
included. Gridded data have been smoothed (see text). 
From the drifter array we observed the component currents 
and associated eddies of the far western equatorial Pacific 
circulation, including the Mindanao Current (MC), the Min- 
danao Eddy (near 7øN, 128øE), the South Equatorial Current 
(SEC), the Halmahera Eddy (near 4øN, 130øE), the origin of 
the North Equatorial Countercurrent (NECC), the flows in 
the Celebes Sea, and the flow in the Makassar Strait (Figure 
2). 
The Mindanao Current had near-surface speeds over 1 m 
s -• and a width of about 100 km in the area south of 
Mindanao. Of 11 drifters seeded in the MC, three were 
advected directly into the NECC, two moved into the 
Celebes Sea and out again into the NECC, and six drifters 
entered the Celebes Sea without returning; two of these 
grounded, two failed or were stolen, and two continued 
through Makassar Strait with speeds of about 80 cm s -• . 
The drifters launched in the Mindanao Eddy described 
closed loops with a diameter of about 250 km. The circula- 
tion in this eddy seemed weaker than in the Halmahera Eddy 
(see below) and appeared to weaken further over the suc- 
ceeding months. 
Buoys were launched in the SEC as it accelerated to its 
maximum flow. Five buoys launched north of New Guinea 
between IøN and 3øS converged into a narrow, swift current 
near 136øE. The fastest buoy was that launched closest to the 
New Guinea coast, moving westward at over 1 m s -• . Three 
buoys drifted into and around the Halmahera Eddy, one 
grounded on Halmahera Island, and three retroflected near 
135øE before reaching the Halmahera Eddy. 
The Halmahera Eddy was revealed by closed loops of 
about 300 km diameter; the overall size appeared to be about 
470 km. Four drifters looped around the eddy, and one 
slowed near the center. The speed of the drifters in the eddy 
was about 50 cm s-•, and the period of drifter circuits in the 
loops was about 20 days. 
The NECC was clearly present during the expedition, with 
buoys from both the MC and SEC traveling eastward in it. 
The drifters described a meandering path upon entering the 
NECC near its origin; the meander peaks were separated 
zonally by 700-800 km, and the meridional displacement of 
the drifters was about 400 km. There was no zonal displace- 
ment of the meander pattern with time which would be 
characteristic of phase propagation. Over a period of about 1 
month, the range of the meanders decayed from 400 km to 
200 km. Average drifter speed was about 80 cm s -• with 
some buoys moving at over 1 m s -•. Highest speeds were 
found 'near the origin of the NECC in the west (near 130øE), 
and slowest speeds of less than 20 cm s -• in the east (145øE 
to 150øE). 
Averaging all July-September drifter velocity measure- 
ments in 1ø squares and lightly smoothing the gridded values 
(Figure 3), we find a remarkable similarity to the climatolog- 
ical mean ship drifts (Figure 4) averaged from May through 
November and smoothed in the same way. (Smoothing was 
done with the diffusion equation. An anomalous value was 
reduced by 83% relative to the background field, with 60% of 
the reduction going to the eight nearest neighbors.) The 
Halmahera Eddy is not seen as a closed circulation in the 
climatology, as it is in the July 1988 drifter tracks, but it is 
indicated by a southward dip in the NECC at about 135øE. 
Note also the sharp northward bump in the NECC between 
135øE and 140øE in both the drifter measurements and the 
ship drifts. The similarity between the drifter tracks and 
climatology suggests that the WEPOCS III observations 
were not atypical, despite the cold event that was underway 
[Kousky, 1989]. 
4.2. ADCP 
The dominant features in the map of upper-ocean ADCP 
currents are the MC and the Halmahera Eddy (Figure 5). 
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Fig. 4. Historical ship-drift observations averaged from May through November in 1 ø squares and smoothed (see 
text). 
The MC appears to begin near the northern limit of the 
measurements, 13.5øN, and accelerates southward along the 
Philippine coast until it separates at the southern tip of 
Mindanao and extends as a jet into the Celebes Sea. Inside 
the Celebes Sea, there is a suggestion of a strong anticy- 
clonic eddy just west of the separation point, but the cruise 
tracks there did not extend far enough from the coast to 
resolve this feature. Along 130øE, between 12øN and 10øN, 
the North Equatorial Current (NEC) can be seen flowing 
west to supply both the MC and the Kuroshio Current. The 
southern limit of the NEC is not resolved by the WEPOCS 
III cruise track; it appears to have been between 10øN and 
8øN during this cruise. The Mindanao Eddy, distinguished 
by closed loops in the drifter trajectories during August 
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Fig. 5. Currents measured by the ADCP, (left) averaged from 26 to 50 m and (right) from 200 to 250 m. Note the 
change in the velocity scale. Current profiles were horizontally averaged over 50 km. 
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Fig. 6. Meridional component of ADCP-measured current along (a) 12øN, (b) 10øN, (c) 8øN, and (d) 7øN, averaged 
horizontally over 10 km. (e) The velocity component normal to the southernmost section which runs southeast from the 
southern tip of Mindanao at 5.5øN to the island of Tobi at 2.5øN. Because of poor navigational resolution near the coast 
at 7øN, the peak southward velocity of the Mindanao Current may be underestimated, and the northward flow at 400 
m, 126.8øE, may be overestimated. Southward flow is hatched. 
(Figure 2), is evident only as a weak feature in the ADCP 
measurements made in July. 
Southeast of Mindanao and northeast of Halmahera is the 
Halmahera Eddy. There is little indication in this near- 
surface current field of eastward flow in the NECC. Instead, 
it appears that water enters the Halmahera Eddy north of 
Halmahera, circulates anticyclonically around the eddy, and 
exits southward near 133øE on the southeast side of the 
eddy. This picture is confirmed by the drifter trajectories 
during July. The partition of NECC source waters among 
four possible sources (the SEC, directly from the MC, the 
MC via the Celebes Sea, and from the Molucca Strait) is not 
at all clear from the ADCP currents and the drifter tracks, 
and remains to be studied through a complete isopycnal 
analysis. 
In the midthermocline (200-250 m; Figure 5) the MC looks 
much as it does near the surface apart from a reduction in 
speed by roughly half. Elsewhere the midthermocline cur- 
rents differ substantially from the near-surface currents. 
There is little westward flow in the thermocline that can be 
identified as the NEC, and little indication of anticyclonic 
circulation in the region of the Halmahera Eddy. The field of 
motion may include several unresolved eddies; if so, it 
appears that the surface eddies and the subsurface eddies are 
not vertically aligned. 
The downstream changes in the MC can be seen more 
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TABLE 1. Mindanao Current Transport Estimates 
Source Transport Notes 
Wyrtki [1956, 1961] 8-12 Sv 
Wyrtki [ 1961] 25 Sv 
Masuzawa [1969] 13, 19, 26, 29 Sv 
Kendall [1969] 24 Sv 
Cannon [1970] 18, 31 Sv 
Nitani [1972] 40 Sv 
Kessler and Taft [1987] 35-40 Sv 
Toole et al. [1988] 17-18 Sv 
Toole et al. [1990] 14, 30 Sv 
Present study 12øN: 16, 16 Sv 
Present study 10øN: 13, 17 Sv 
Present study 8øN: 22, 26 Sv 
Present study 7øN: 26, 20 Sv 
Present study Talaud-Mindanao: 
33 Sv (---5.5øN) 
upper 200 m only, friction included 
0-1000 dbar, relative to 1250, friction included 
relative to 600 dbar 
historical data, geostrophy and mass balance 
relative to 1000 dbar; rapid change in space/time 
relative to 1200 dbar; includes 15 Sv recirculating in 
Mindanao Eddy 
WBC transport needed to close Sverdrup 
circulation 
transport for T > 12øC, relative to 1000 dbar 
inverse calculation 8øN, coast to 130øE, surface to 
•r o = 26.25 
0-300 m' geostrophic is relative to 1000 dbar 
(first estimate is ADCP, second is geostrophic) 
clearly in the sequence of zonal sections of meridional 
velocity c. omponent (Figure 6). All sections begin within 1 
km of the Philippine coast. From 12øN to 7øN the vertical 
shear in the MC tended to increase; the southward flow 
increased in the top 100 m and diminished below 200 m. The 
current was nearly uniform over the top 300 m at 12øN, 
where the maximum speed was about 80 cm s -•' at the 
southernmost section the current increased from about 40 
cm s -• at 300 m to over 130 cm s -• near the surface. The 
depth range of the high-velocity core increases substantially 
between 7øN and the southernmost section. Speeds are over 
100 cm s -• between the surface and 140 m at 7øN and 
between the surface and 220 m at the southernmost section. 
In all the sections, most notably at 7øN and 8øN, the 
maximum southward velocity component occurred in a 
subsurface core centered near 80 m. This shear reversal may 
have been caused by strong transient southwest winds 
[Lukas, 1989] retarding the surface current, or it may be a 
common feature of the MC as it has been observed at other 
times of the year by Masuzawa [1969]. 
Offshore of the MC, northward currents were found in all 
sections. On the Tobi-Mindanao section (Figure 6e) to the 
east of the MC and Talaud Island, there is a strong flow to 
the northeast which comprises the several source waters of 
the NECC. Several velocity cores are present in this broad 
feature. At 7øN just offshore of the MC, the northward 
component is dominated by the circulation of the northern 
portion of the Halmahera Eddy. Although the structure of 
the northward flow varied substantially from section to 
section, it appears to contain two components: a near- 
surface current, and a deeper one with its core near or below 
the maximum depth range of the ADCP (about 400 m). This 
subsurface northward current has been identified also in 
geostrophic sections by Hu and Cui [ 1989], who named it the 
Mindanao Undercurrent. 
The volume transport of the Mindanao Current in the 0- to 
300-m layer was estimated from these ADCP sections. The 
flow in the top 20 m (where there are no data) was assumed 
constant, and the trapezoidal rule was used to integrate the 
southward flow from the coast offshore to the first zero 
contour which extended vertically over the upper 300 m. A 
rough estimate of accuracy is about 1 Sv. The transport more 
than doubles from 10øN southward to 5.5øN (Table 1). The 
transport is larger at 12øN than at 10øN, which may be due 
either to recirculation north of 10øN, or to temporal varia- 
tions (see section 5). 
4.3. Hydrography 
Geostrophic currents. The southward geostrophic flow 
of the MC is seen in each of the four zonal sections into the 
Philippine coast (Figure 7), with a width of about 100 km and 
speeds up to 2.5 m s-1. The top speeds are found within the 
upper 100 m, and 25-50 km offshore. All four sections 
exhibit alternating bands of meridional geostrophic flow, 
with strongest flow in the upper 100 m, but with secondary 
maxima often found below 200 m. The amplitude of these 
alternating flows decreases eastward away from the coast. 
The zonal scale of these flows ranges from 50-75 km in the 
8øN and 10øN sections to 150-200 km in the 12øN and 7øN 
sections. 
From the northernmost section toward the south, the 
geostrophic flow of the MC intensifies as it shoals from a 
depth of at least 1000 dbar at 12øN to about 600 dbar at 7øN. 
The current also narrows from 12øN to 10øN, broadens at 
8øN, and finally bifurcates at 7øN. There, an intense north- 
ward geostrophic flow in the upper 175 m separates the 
inshore and offshore portions of the MC; this apparent 
northward flow is probably not real and may be associated 
with the strong transient upwelling observed near the coast 
on this section as discussed below. 
The geostrophic current sections reveal relatively strong 
flows below the usual range of the ADCP. In particular, the 
Mindanao Undercurrent (MUC) described by Hu and Cui 
[ 1989] is seen to flow toward the north with speeds of over 20 
cm s- 1 at 300 m depth at 7øN (in agreement with the absolute 
ADCP measurements), weakening and deepening to the 
north. The MUC is 25-50 km wide, and the core is found 
50-75 km offshore. 
The 10øN geostrophic current section also agrees with the 
ADCP section in that both show a strong MC, but otherwise 
the two estimates of current are surprisingly different. The 
geostrophic estimate of maximum southward component in 
the MC is 179 cm s -1, compared with only 60 cm s -1 from 
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the ADCP. The northward surface current found above the 
MUC in the ADCP section is nearly absent in the geo- 
strophic section. The geostrophic section shows two surface 
currents with speeds exceeding 40 cm s -• (a southward 
current near 128øE and a northward current near 129øE) 
which have no obvious counterparts in the ADCP section. 
Qualitatively comparing the ADCP and geostrophic cur- 
rents in Figures 6 and 7, the geostrophic estimates appear 
noisier and the structures are not well resolved by the station 
spacing. This suggests that the geostrophic estimates of 
velocity may be substantially aliased due to the slow sam- 
pling of temporal changes in the density structure associated 
with internal waves. Ageostrophic effects may also be im- 
portant. Additional analysis is underway to try to understand 
these differences. 
Using similar methods as for the ADCP transport esti- 
mates, the 0- to 300-m transport of the Mindanao Current 
was estimated from the geostrophic currents relative to 1000 
dbar (Table 1). (The northward geostrophic flow centered 
near 127øE was ignored for the purpose of determining the 
offshore boundary of the current in the 7øN section, and no 
estimate is available for the Talaud-Mindanao section near 
5.5øN.) The southward transport increases from 12øN to 8øN, 
but then decreases again in the 7øN section. As discussed in 
section 5, this decrease may be associated with ageostrophic 
transients. 
Water properties. The salinity field at 10øN (Figure 8) 
shows two cores near the Mindanao coast that can be used to 
trace the MC. A core of relatively high salinity (>34.9 psu) 
at 390 cl t -• (rr 0 = 24 kg m -3, about 130 m depth) next o the 
coast is separated by lower salinity from high-salinity waters 
offshore (Figure 9). A low-salinity (<34.4 psu) and relatively 
high tritium (more than 2 TU81N) core is found next to the 
coast at 150 cl t -• (rr 0 = 26.5 kg m -3, 400 m at the coast, 
rising to 300 m offshore; Figure 8). Dissolved oxygen, CFC 
(Figure 8) and tritium show a third core at about 270 cl t -l 
(rr 0 = 25.25 kg m -3, depth = 180 m). 
The high-salinity core is associated with the Tropical 
Water of the North Pacific which flows westward as part of 
the NEC [Tsuchiya, 1968]. Most of it turns north upon 
reaching the coast, with an indication of some flowing 
southward in the MC. Although tropical salinity maximum 
water is centered at 300 cl t -• at 25øN in the central North 
Pacific [Tsuchiya, 1968], near the equator it is centered at 
lower densities. This is because the maximum is sheared off 
at depth by the intrusion of lower salinity water from the 
California Current, which Tsuchiya [1968] traces as far west 
as the Molucca Passage. The California Current appears to 
be the source of the high-oxygen, high-CFC (Figure 8) and 
high-tritium core observed at 270 cl t -• below the salinity 
maximum in the MC. The high-latitude tritium source and 
the similarity of tritium values at the maximum in the MC to 
those observed in the North Pacific subtropical gyre [Van 
Scoy et al., 1991], support this interpretation. On maps of 
the tracers (Figure 9), the extrema decrease southward from 
the NEC and seaward from the MC. On the 390 cl t -• 
surface, subsurface maxima are observed in salinity, CFC, 
and tritium coincident with the northward return branch of 
the Mindanao Eddy between roughly 128øE and 130øE. 
The numerous coastal sections around Mindanao show 
that a part of the MC flows into the Celebes Sea with the 
upper thermocline portion hugging the coast westward to the 
point where the coast turns northward into the Moro Gulf. 
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Fig. 10. Temperature, salinity, dissolved oxygen and potential 
density from CTD versus pressure for the station on the sill between 
the Celebes Sea and the Pacific Ocean. 
An isolated tongue ofF-11 with a maximum of 1.7 pmol kg -• 
near 100 m (around the density of the northern tropical 
salinity maximum), is traceable from the east side of Mind- 
anao; however, this could be associated with a recirculation 
to the northwest of the MC as inferred earlier from the 
ADCP measurements. On deeper surfaces (Figure 9), MC 
water can be traced into the Celebes Sea where the tracer 
values then decrease rapidly. This suggests that either the 
MC separates from the coast as it enters the Celebes Sea 
(with the axis of the flow extending south of our sampling) or 
there is a vigorous mixing of water mass properties near the 
coast. 
With extreme currents and pronounced topographic vari- 
ability, mixing may be somewhat more of a problem for 
water property tracing of circulation features in this region. 
From the ADCP observations, we determined that the core 
of the MC, with speeds in excess of 1 m s-• was essentially 
coincident with station 34 (Figure 10), which was located 
along the sill between the Pacific Ocean and the Celebes Sea. 
The most outstanding feature of the CTD profile from this 
station is the presence of several isothermal layers between 
300 and 1100 m. The thickest are found near 8øC (rr 0 = 26.9 
kg m -3) and near 6øC (rr 0 = 27.2 kg m-3), between 400 and 
750 m. These striking features do not appear in any stations 
outside the Celebes Sea, and there appears to be weak 
remnants of these layers at two stations downstream of the 
sill, which suggests that there is turbulent mixing occurring 
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within the MC as it passes over the sill. The 02 maximum 
near 8øC that is found in the current outside the sill is 
apparently wiped out by this intense mixing as the current 
continues into the Celebes Sea. Similarly, a deep salinity 
maximum between 8øC and 9øC is strongly modified as the 
current passes over the sill. 
In the MC at 10øN, the low-salinity, high-tritium core has 
the TS characteristics of North Pacific Intermediate Water 
(NPIW). Reid's [1965] map of NPIW on the 125-cl t -• 
surface shows the low-salinity (less than 34.4 psu) water 
extending southward along the Mindanao coast to 8øN. The 
low-salinity core in the MC is centered above 125 cl t -1, 
because at these low latitudes the deeper component of 
NPIW has been sheared off by intrusion of the relatively 
higher salinity of Antarctic Intermediate Water (AAIW; 
[e.g., Wyrtki, 1961; Toole et al., 1988]). On maps of 150 cl 
t -• (Figure 9) the tracer extrema in the NEC observed on 
shallower surfaces are not evident because of the poleward 
contraction of the subtropical gyre on denser surfaces. At 
this density the Mindanao Eddy appears as a salinity mini- 
mum. Furthermore, some NPIW, evidenced by a tritium 
maximum, can be traced to the Halmahera Eddy. Similar to 
the distributions observed on shallower levels, the tracer 
values on the 150-cL t -• surface decrease sharply with 
distance into the Celebes Sea. 
There is no maximum in F-12 on 150 cL t -• corresponding 
to the tritium maximum near Halmahera, due to the different 
spatial and temporal dependence of the source functions for 
the CFCs compared to tritium. The absence of a CFC 
maximum on this density surface is due to the comparable 
CFC levels in the intermediate waters of southern (AAIW) 
and northern (NPIW) origin; given the meridional uniformity 
of the CFC forcing at the sea surface, this implies similar 
ventilation rates and transit times from temperate latitude 
source regions in each hemisphere to the western equatorial 
Pacific. The steep latitudinal gradient in the tritium source 
function selectively tags the NPIW component, clearly dis- 
tinguished against the background of underlying AAIW of 
Very low tritium content. Offshore the tritium values are only 
half of those near the coast. The high tritium values in the 
MC are similar to those observed in the North Pacific 
subtropical gyre [Van Scoy et al., 1991], and show that the 
water is of northern hemisphere origin. 
An important aspect of the CFC transient tracers is the 
possibility of assigning apparent ventilation ages to the 
deeper density layers. The use of F-11 and F-12 for this 
purpose is limited to ventilation processes which occurred 
before about 1976. The precision of the WEPOCS III CFC 
data was substandard; however, ventilation ages to the 
nearest decade for broad density intervals can still be 
assigned with good reliability. All waters sampled in the 
WEPOCS III study area with density rr 0 < 25.7 are "mod- 
ern" (their F-11/F-12 apparent ventilation age is less than 
10-15 years). Water masses of intermediate density (25.7 < 
rr 0 < 26.5) have apparent ventilation ages in the range of 
15-20 years. Subpycnocline waters in the density range 
26.5 < rr 0 < 27.0 have apparent ventilation ages of 20-25 
years. Although waters below rr 0 = 27.0 have measurable 
CFC tracer burdens (CFC-free waters are found below about 
rr 0 = 27.3), these values lie too close to the blank for reliable 
dating by the F-11/F-12 ratio method. 
The prominent near-surface features of the equatorial 
current system such as the MC, NGCUC, and the EUC have 
all been ventilated in the last 10-15 years. The salinity 
minimum (oxygen and tritium maximum) of the modified 
NPIW at rr 0 = 26.5 (Figure 9) is estimated to have been 
ventilated approximately two decades earlier, probably in 
the subarctic frontal region northeast of Japan [cf. Reid, 
1965]. The apparent CFC ventilation ages of 15-20 years for 
pycnocline waters in the density range 25.7 < rr 0 < 26.5 are 
consistent with the 14-year time scale estimated from tritium 
penetration on rr 0 = 26.2 by Fine et al. [1987]. 
5. DISCUSSION 
As discussed by Lukas [1988], earlier estimates of Mind- 
anao Current transport have ranged from 8 to 40 Sv (Table 
1). Our estimates of 0-300 m from WEPOCS III, 13-33 Sv, 
are well within this historical range. The various estimates of 
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spatial variability. Our new measurements suggest a strong 
downstream increase in transport, but we do not know how 
robust this spatial variability is as a function of time. 
Although our ADCP and geostrophic transport estimates 
agree fairly well, the contours of meridional current are quite 
different in some places, especially offshore of the MC. The 
good agreement of ADCP and geostrophic transport through 
12øN (Table 1) masks the large differences in velocity (Fig- 
ures 6 and 7). 
We have treated our observations as quasi-synoptic, but 
there may have been some important temporal variations 
during the expedition which have been interpreted as spatial 
variability. (An extreme example of such temporal variabil- 
ity is discussed by Cannon [1970], where two sections 
through the MC separated by 100 km and only a few days 
had geostrophic transports that differed by a factor of 2.) 
The wind forcing of the region was not steady during the 
expedition. After Moana Wave left the Celebes Sea to 
occupy sections along the eastern Philippine coastline, the 
winds increased to 20- to 30-kt south-southwesterlies, 
flowing into typhoon Warren, several hundred miles to the 
northeast of our track. A possible result of these strong 
winds is the strong northward shear of 50 cm s- • relative to 
100 m that we observed in the upper 50 m of the water 
column. The maximum southwestward flow of the MC along 
7øN was observed at about 80 m. Strong coastal upwelling 
appears to have moved the MC offshore on this section, 
although the measured flow was still southward fight near 
the coast (see Figure 6). Geostrophic estimates indicate a 
northward flow near the coast (Figure 7), a consequence of 
the rapid upwelling of the density structure. This northward 
flow was not observed by the ADCP or by ship set and drift 
estimates. 
The tangled appearance of the 3-month drifter trajectories, 
with a multitude of crossing paths (Figure 2), illustrates the 
temporal variability of the flows. For example, the three 
drifters launched in the region of the Mindanao Eddy initially 
traveled eastward. In early August they reversed course and 
during that month each made slightly more than one circuit 
around the eddy. During September their paths were pre- 
dominantly eastward. It appears that the eddy was present 
(at least in that location) only during August. Similarly, all 
the circuits around the Halmahera Eddy occurred in July; in 
August, buoys in the NECC proceeded eastward with only a 
moderate southward dip near 132øE, which previously had 
been the east side of the eddy. 
Seasonal evolution of the flows in the region probably 
contributed to the observed temporal variability. For exam- 
ple, Wyrtki [1961] estimated a seasonal variation of the 
Mindanao Current upper layer (150-200 m) transport of 
about 50%, with the maximum southward transport in north- 
ern winter, and a minimum in April. Y. Masumoto and T. 
Yamagata (The response of the western tropical Pacific to 
the Asian winter monsoon: The generation of the Mindanao 
Dome, submitted to Journal of Physical Oceanography, 
1990) (hereinafter referred to as MY1990) found that the 
Mindanao Current in their model had a peak southward flow 
in December, consistent with Wyrtki's results. This seasonal 
variation has been attributed to the monsoon variation of 
local winds, although remote wind forcing through the 
impact of Rossby waves at the Philippine coast appears to be 
an important contribution to the annual cycle [Mitchurn and 
Lukas, 1990; MY 1990]. The strength of the circulation in the 
Mindanao Eddy also appears to vary seasonally, but the net 
flux of the current plus recirculation does not, according to 
Wyrtki [1961] and Lukas [1988]. 
The indications of nonsteady circulation suggest that the 
overall pattern of the circulation was probably slowly chang- 
ing during the expedition; however, the strong transient 
effects near the coast of Mindanao may have been respon- 
sible for pronounced ageostrophic contributions to the flow. 
Such rapid variations at such low latitudes could present 
problems for mass budget computations. 
How representative are the WEPOCS III observations of 
the Mindanao Current? Toole et al. [1990] observed a 
doubling of the transport of the current between September 
1987 and April 1988, but it was not clear whether this was 
associated with the usual seasonal variation or with the 
strong interannual variability that occurred in the tropical 
Pacific during 1986-1988 [Kousky, 1989]. During ENSO 
years (and the unusual year 1980), the MC appears to be 
stronger than average, and weaker in the year before [Lukas, 
1988]. However, the comparison of the drifter observations 
to climatology suggest that our measurements are represen- 
tative (see section 4.1). 
6. CONCLUSIONS 
The near-surface circulation inferred from our observa- 
tions is summarized in Figure 11. More detailed analysis of 
the WEPOCS III data set is underway. In particular, we 
expect that the combination of isopycnal analysis with the 
direct current measurements and mass budget calculations 
will further clarify our picture of the circulation. 
Although our analysis of the WEPOCS III data is at an 
early stage, we can draw some qualitative conclusions: 
1. Currents during the cruise, June-July 1988, appear to 
have been normal in spite of the ongoing tropical Pacific cold 
event. 
2. A strong, narrow Mindanao Current flows southward 
very close to the coast as far as the southern tip of Mind- 
anao, where it separates and continues as a jet into the 
Celebes Sea. 
3. The transport of the Mindanao Current in the upper 
300 m increases rapidly downstream from 10øN to 5.5øN, as 
does the vertical shear in the upper 300 m. The transports are 
consistent with indirect historical estimates. 
4. The Mindanao Current carries a high-salinity/high- 
CFC/high-tritium core near 24 tr 0, a low-salinity/high-tritium 
core near 26.5 tr 0, and a high-dissolved O2/high-CFC/high- 
tritium core near 25.3 tr 0. 
5. Geostrophic and ADCP velocity estimates of the 
Mindanao Current region during WEPOCS III differ by up to 
a factor of 3, and in some areas they are qualitatively 
different. 
6. Part of the Mindanao Current tums cyclonically in the 
Celebes Sea to feed the NECC adding to waters which flow 
directly from the Mindanao Current into the NECC. A 
second major source of the NECC is the SEC, which curves 
anticyclonically around the Halmahera Eddy. There may 
also be a contribution from the Molucca Sea. 
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